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1

METHOD AND APPARATUS FOR
DETERMINING THE PROPERTY OF A

STRUCTURE, DEVICE MANUFACTURING
METHOD

FIELD

The present invention relates to methods and apparatus
for simulating interaction of radiation with structures. The
invention may be applied for example in metrology of
microscopic structures, for example to assess and improve
performance of a lithographic, or to determine the structure
ol a molecule or crystal. The radiation may be electromag-
netic radiation of any desired wavelength, but the invention
may find particular application where inspection radiation in
wavebands shorter than the visible waveband 1s being used
or has been used to inspect a structure. Shorter wavebands
include for example UV, DUV, soit x-ray (extreme ultravio-
let) and x-ray wavebands.

BACKGROUND

While the imnvention may be applied to a range of appli-
cations, consider as an example the manufacture of semi-
conductor devices such as integrated circuits (ICs) by a
lithographic process. In that instance, a lithographic appa-
ratus 1s used to apply a pattern of device features to be
formed on an 1ndividual layer of the IC. This pattern can be
transierred onto a target portion (e.g., including part of, one,
or several dies) on a substrate (e.g., a silicon water).

In lithographic processes, 1t 1s desirable frequently to
make measurements of the structures created, e.g., for
process control and verification. Various tools for making
such measurements are known, including scanning electron
microscopes (SEM), which are often used to measure prop-
erties of a structure, such as the critical dimension (CD).
Recently, various forms of scatterometers have been devel-
oped for use 1n the lithographic field. These devices direct a
beam of radiation onto a target and measure one or more
properties of the scattered radiation as 1t 1s retlected and/or
transmitted by the target, e.g., intensity at a single angle as
a function of wavelength; itensity at one or more wave-
lengths as a function of angle; or polarization as a function

The term “spectrum’™ 1n this context will be used with a wide
scope. It may refer to a spectrum of different wavelengths
(colors), 1t may refer to a spectrum of different directions
(diffraction angles), different polarizations, or a combination
of any or all of these. From this spectrum a property of
interest of the target can be determined. Compared with
SEM techniques, scatterometers can be used with much
higher throughput, on a large proportion or even all of the
product units. The measurements can be performed very
quickly. The time to obtain a measurement result depends on
the complexity of the calculations and the processing power
availlable, but can be done ofl-line. Determination of the
property of interest may be performed by various calculation
techniques. One particular approach 1s to perform recon-
struction of the target structure by forward modeling of the
scattering process, and iterative calculations. In another
approach, simulated spectra are calculated 1n advance for a
variety of points in the parameter space. These simulated
spectra serve as a “library” which 1s searched to find a match
for a spectrum observed later on a real target.

Frequently the structure is modeled 1n a parametrized
form. Parameters corresponding to the property of interest
are considered as “floating” parameters, whose value 1s
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2

(1deally) to be established using the observation data. Other
parameters may be fixed. Typically, the property of interest
1s just one parameter among a number of unknowns, and the
model can have many degrees of freedom. Automated
methods of optimizing the selection of fixed and floating
parameters are described in the prior art, for example in
US20120123748.

Examples of known scatterometers include angle-re-
solved  scatterometers of the type described 1n
US2006033921A1 and US2010201963A1. The targets used
by such scatterometers are relatively large, e.g., 40 um by 40
um, gratings and the measurement beam generates a spot
that 1s smaller than the grating (i1.e., the grating 1s under-
filled). In addition to measurement of feature shapes by
reconstruction, diflraction based overlay can be measured
using such apparatus, as described 1n published patent
application US2006066855A1. 11 the parameter of interest 1s
an asymmetry-related parameter, such as overlay, a mea-
surement of that parameter can in some cases be obtained
relatively directly, based on asymmetry observed in the
scatter spectrum. Diflraction-based overlay metrology using
dark-field imaging of the diffraction orders enables overlay
measurements on smaller targets. Examples of dark field
imaging metrology can be found in international patent
applications US2014192338 and US2011069292A1 which
documents are hereby incorporated by reference in their
entirety. Further developments of the technique have been
described n published patent publications
US20110027704A, US20110043791A, US2011102753A1,
US20120044470A, US20120123581A, US20130258310A
and US20130271740A. These targets can be smaller than
the 1llumination spot and may be surrounded by product
structures on a water. Multiple gratings can be measured 1n
one 1mage, using a composite grating target. The contents of
all these applications are also incorporated herein by refer-
ence.

Prior commercial scatterometers use mspection radiation
in the visible and inifrared wavebands. As the sizes of
teatures produced by lithography shrink ever smaller and
dimensional tolerances shrink accordingly, there 1s an inter-
est 1n the use of diffraction based techniques (scatterometry)
at shorter wavelengths, such as UV, DUV, “soft x-ray”
(extreme ultraviolet) and even x-ray wavelengths. Scattering
of electromagnetic waves can be simulated by use of Max-
well’s equations at such short wavelengths in the same way
as at longer wavelengths. This approach 1s used to analyze

x-ray diflraction patterns from all field of physics: power
diffraction, crystallography, biology, etc. In semiconductor
manufacturing, reconstruction of critical dimension using,
small-angle x-ray scattering (CD-SAXS) 1s already known.
Examples are, for example, P. Lemaillet et al, “Intercom-
parison between optical and x-ray scatterometry measure-

ments of FInFET structures” Metrology, Inspection, and
Process Control for Microlithography XXVII, Proc. of SPIE

Vol. 8681, 2013 or Ronald L. Jones, et al.“Small angle x-ray
scattering for sub-100 nm pattern”, Appl. Phys. Lett. 83,
4059 (2003).

Examples of transmissive and retlective metrology tech-
niques using these wavelengths 1n transmissive and/or

reflective scattering modes are disclosed 1n pending patent
applications PCT/EP2015/038238 filed 16 Apr. 2015,

EP15180807.8 filed 12 Aug. 2015 and EP15180740.1 filed
12 Aug. 2015, not published at the present priority date. The
contents of all these applications are incorporated herein by
reference. In addition to reconstruction and other techniques,
asymmetry measurements can be made 1n scatter spectra,
whatever the wavelength.
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Conventional techniques naturally assume that the struc-
ture under 1nspection remains constant in shape and com-

position during an exposure(s) to capture one or more
spectra. In the x-ray and EUV range of the electromagnetic
spectrum (and sometimes 1 the DUV, UV and even the
visible part of the spectrum) many materials are actually
changed to some extent by the nspection radiation. Prop-
erties of a material 1n the structure may change in the course
ol the observation, and the dimensions of the structure may
change. Whenever a property of the structure changes, the
measurement of a property of interest may be aflected 1n the
same way as a photograph 1s aflected by a subject moving
in the course of a long exposure. Changes 1n one property
may influence the result of reconstruction or other measure-
ment techniques, even 1f the changing parameter 1s not the
parameter ol interest.

A well-known example of such changes 1s the phenom-
enon of resist shrinkage, which has been observed in litho-
graphic patterning steps performed using EUV radiation.
One study derives a model of resist shrinkage, as reported 1n
Peng Liu Letwu Zheng, Maggie Ma, (1an Zhao, Yongia
Fan, et al. “A physical resist shrinkage model for tull-chip

lithography simulations™, Proc. SPIE 9779, Advances 1n
Patterning Materials and Processes XXXIII, 97790Y (Mar.

25, 2016); do1:10.1117/12.2239243. The authors in that
paper report on modeling of changes occurring 1n the resist
during exposure, prior to development. The paper does not
discuss changes that could occur in the resist pattern (or
other material), in the course of inspection of the pattern
alter i1t has been produced.

SUMMARY OF THE INVENTION

The 1nvention aims to allow greater accuracy in deter-
mimng property of a structure, even when interactions of the
inspection radiation causes the structure to change 1n some
way over the course of an exposure. In most cases, what 1s
of interest 1s the state of the structure as it exists prior to the
measurement.

The invention 1 a first aspect provides a method of
simulating interaction of radiation with a structure, the
method including the steps of:

(a) defining one or more variable parameters to represent the
structure, the variable parameters including at least one
parameter of 1nterest;

(b) recerving observation data obtained by exposing the
structure one or more times with mspection radiation and
observing said ispection radiation after interaction with
the structure; and

(c) based on the observation data, determining a value for
the parameter of interest as a property of the structure,

wherein the determination of the parameter of interest 1s

performed taking into account changes in the structure
caused by the mspection radiation during an exposure
period.

The method can be used as part of a metrology method.
The method may be one which uses simulated interactions
for reconstruction of the structure. In such a case, the
variable parameters may include one or more time-related
parameters representing said changes 1n the structure caused
by the inspection radiation during said exposure period. The
method may include determining a value for one or more
time-related parameters, as part of determining a value for a
parameter ol interest.

In other embodiments, a single parameter of interest may
be derived more or less directly from the observed radiation,
and a simple correction may be included to adjust for an
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assumed change 1n the structure. As an example, asymmetry
may be a parameter of interest, which can be measured more
or less directly from asymmetry observed 1n the inspection
radiation after it has interacted with the structure. To do this,
however, calibration 1s required. According to the present
invention, thus calibration can take into account changes
caused by the mspection radiation of the current observation
Or some previous observation.

The method can be applied also 1n a metrology method
based on machine learning. In this type of approach, a
processor may be trained with many examples of structures
and corresponding observed spectra, to find directly the
relationship between the observed spectra and the shape and
composition of the target structure.

The determination of the parameter of interest 1s per-
formed taking into account changes in the structure caused
by mspection radiation during an exposure period related a
current observation or to a previous observation of the same
structure. For example, a target structure may be observed
successively under different illumination conditions to
obtain measurements of different parameters of interest, or
a single parameter of interest. An observation may simply be
repeated to obtain higher accuracy. By applying the prin-
ciples of the present disclosure, the results of a current
observation can be corrected to take account of the eflects of
the radiation used for a previous observation, whether or not
that inspection radiation has the same characteristics as the
inspection radiation used 1n the current observation.

The invention further provides a processing apparatus for
determining parameters of a structure, the processing appa-
ratus comprising:

storage for one or more variable parameters to represent
the structure, the variable parameters including at least
one parameter of interest;

storage for recerving observation data obtained by expos-
ing the structure one or more times with inspection
radiation and observing said inspection radiation after
interaction with the structure; and

a processor arranged to use the observation data to
determine a value for the parameter of interest as a
property of the structure, taking into account changes 1n
the structure caused by the mspection radiation during
an exposure period.

The mvention vet further provides a metrology apparatus
for use 1n determiming parameters of a structure, the metrol-
ogy apparatus comprising:

an 1llumination system for generating a beam of inspec-
tion radiation;

a substrate support operable with the i1llumination system
for irradiating a structure formed on the substrate with
said inspection radiation;

a detection system for detecting the mspection radiation
after interaction with the structure; and

a processing apparatus as claimed 1n claim arranged to
determine a property of the structure based on the
detected radiation and taking into account changes 1n
the structure caused by the mspection radiation during
an exposure period.

The processing apparatus may be provided for performing

a method according to the invention as set forth above. The
processing apparatus and/or method may be implemented by
running a suitable program of instructions on a computer.
The mstructions may form a computer program product. The
instructions may be stored in a non-transitory storage
medium.

Further features and advantages of the invention, as well
as the structure and operation of various embodiments of the
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invention, are described 1n detail below with reference to the
accompanying drawings. It 1s noted that the invention 1s not
limited to the specific embodiments described herein. Such
embodiments are presented herein for illustrative purposes
only. Additional embodiments will be apparent to persons
skilled 1n the relevant art(s) based on the teachings contained
herein.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

Embodiments of the invention will now be described, by
way of example, with reference to the accompanying draw-
ings in which:

FIG. 1 depicts a lithographic apparatus together with
other apparatuses forming a production facility for semicon-
ductor devices;

FI1G. 2 illustrates the principles of operation of a spectro-
scopic scatterometer as a first example of an 1nspection
apparatus;

FIG. 3 illustrates in schematic form an angle-resolved
scatterometer as another example of an inspection apparatus;

FIG. 4 1s a flow chart illustrating a metrology method
according to an embodiment of the present invention;

FIG. 5 1s a flow chart illustrating a method of controlling

performance of a metrology method and/or of a lithographic
manufacturing process using measurements made by the
method of FIG. 4;

FIGS. 6(a) and 6(b) illustrate the phenomenon of resist
shrinkage, as an example of a change that can occur 1n a
structure under inspection radiation;

FIG. 7(a) illustrates an example of the changes of a
dimensional parameter under different doses of inspection
radiation:

FIG. 7(b) illustrates an exposure period corresponding to
a single captured spectrum;

FIG. 7(c) illustrates the sub-dividing of the exposure
period to capture separate spectra;

FIG. 8 1s a flowchart illustrating a modification of the
method of FIG. 5, corresponding to the example of FIG.
7(c);

FI1G. 9 1llustrates schematically an apparatus for perform-
ing lensless 1imaging using EUV radiation reflected from a
target structure; and

FIG. 10 1llustrates schematically a metrology apparatus
based on reflection of x-ray and/or EUV radiation using an
inverse Compton scattering source.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Before describing embodiments of the mvention 1n detail,
it 1s mnstructive to present an example environment 1n which
embodiments of the present invention may be implemented.
Lithographic Manufacturing Background

FIG. 1 at 200 shows a lithographic apparatus LA as part
of an industrial facility implementing a high-volume, litho-
graphic manufacturing process. In the present example, the
manufacturing process 1s adapted for the manufacture of for
semiconductor products (integrated circuits) on substrates
such as semiconductor walers. The skilled person waill
appreciate that a wide variety of products can be manufac-
tured by processing different types of substrates 1n variants
of this process. The production of semiconductor products 1s
used purely as an example which has great commercial
significance today.
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Within the lithographic apparatus (or “litho tool” 200 for
short), a measurement station MEA 1s shown at 202 and an
exposure station EXP 1s shown at 204. A control unit LACU
1s shown at 206. In this example, each substrate visits the
measurement station and the exposure station to have a
pattern applied. In an optical lithographic apparatus, for
example, a projection system 1s used to transier a product
pattern from a patterning device MA onto the substrate using
conditioned radiation and a projection system. This 1s done
by forming an 1image of the pattern 1 a layer of radiation-
sensitive resist material.

The term “projection system” used herein should be
broadly interpreted as encompassing any type of projection
system, including refractive, reflective, catadioptric, mag-
netic, electromagnetic and electrostatic optical systems, or
any combination thereof, as appropnate for the exposure
radiation being used, or for other factors such as the use of
an immersion liquid or the use of a vacuum. The patterning
MA device may be a mask or reticle, which imparts a pattern
to a radiation beam transmitted or reflected by the patterming
device. Well-known modes of operation include a stepping
mode and a scanning mode. As 1s well known, the projection
system may cooperate with support and positioning systems
for the substrate and the patterning device 1n a variety of
ways to apply a desired pattern to many target portions
across a substrate. Programmable patterning devices may be
used 1nstead of reticles having a fixed pattern. The radiation
for example may include electromagnetic radiation in the
deep ultraviolet (DUV) or extreme ultraviolet (EUV) wave-
bands. The present disclosure 1s also applicable to other
types of lithographic process, for example imprint lithogra-
phy and direct writing lithography, for example by electron
beam.

The lithographic apparatus control unit LACU which
controls all the movements and measurements of various
actuators and sensors to receive substrates W and reticles
MA and to implement the patterning operations. LACU also
includes signal processing and data processing capacity to
implement desired calculations relevant to the operation of
the apparatus. In practice, control unit LACU will be real-
1zed as a system ol many sub-units, each handling the
real-time data acquisition, processing and control of a sub-
system or component within the apparatus.

Belore the pattern 1s applied to a substrate at the exposure
station EXP, the substrate 1s processed 1n at the measurement
station MEA so that various preparatory steps may be
carried out. The preparatory steps may include mapping the
surface height of the substrate using a level sensor and
measuring the position of alignment marks on the substrate
using an alignment sensor. The alignment marks are
arranged nominally 1n a regular grid pattern. However, due
to 1naccuracies in creating the marks and also due to
deformations of the substrate that occur throughout its
processing, the marks deviate from the i1deal grid. Conse-
quently, 1n addition to measuring position and orientation of
the substrate, the alignment sensor 1n practice must measure
in detail the positions of many marks across the substrate
area, 1I the apparatus 1s to print product features at the
correct locations with very high accuracy. The apparatus
may be of a so-called dual stage type which has two
substrate tables, each with a positioning system controlled
by the control umt LACU. While one substrate on one
substrate table 1s being exposed at the exposure station EXP,
another substrate can be loaded onto the other substrate table
at the measurement station MEA so that various preparatory
steps may be carried out. The measurement of alignment
marks 1s therefore very time-consuming and the provision of
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two substrate tables enables a substantial increase in the
throughput of the apparatus. If the position sensor IF 1s not
capable of measuring the position of the substrate table
while 1t 1s at the measurement station as well as at the
exposure station, a second position sensor may be provided
to enable the positions of the substrate table to be tracked at
both stations. Lithographic apparatus LA may for example 1s
of a so-called dual stage type which has two substrate tables
WTa and WTb and two stations—an exposure station and a
measurement station—between which the substrate tables
can be exchanged.

Within the production facility, apparatus 200 forms part of
a “litho cell” or “litho cluster” that contains also a coating
apparatus 208 for applying photosensitive resist and other
coatings to substrates W for patterning by the apparatus 200.
At an output side of apparatus 200, a baking apparatus 210
and developing apparatus 212 are provided for developing
the exposed pattern into a physical resist pattern. Between
all of these apparatuses, substrate handling systems take care
of supporting the substrates and transierring them from one
piece of apparatus to the next. These apparatuses, which are
often collectively referred to as the track, are under the
control of a track control unit which 1s itself controlled by a
supervisory control system SCS, which also controls the
lithographic apparatus via lithographic apparatus control
unit LACU. Thus, the different apparatus can be operated to
maximize throughput and processing efliciency. Supervisory
control system SCS receives recipe mformation R which
provides 1n great detail a definition of the steps to be
performed to create each patterned substrate.

Once the pattern has been applied and developed 1n the
litho cell, patterned substrates 220 are transierred to other
processing apparatuses such as are illustrated at 222, 224,
226. A wide range of processing steps 1s implemented by
various apparatuses in a typical manufacturing facility. For
the sake of example, apparatus 222 1n this embodiment 1s an
cetching station, and apparatus 224 performs a post-etch
annealing step. Further physical and/or chemical processing
steps are applied 1n further apparatuses, 226, etc. Numerous
types of operation can be required to make a real device,
such as deposition of material, modification of surface
maternal characteristics (oxidation, doping, 1on implantation
etc.), chemical-mechanical polishing (CMP), and so forth.
The apparatus 226 may, 1n practice, represent a series of
different processing steps performed 1n one or more appa-
ratuses.

As 1s well known, the manufacture of semiconductor
devices involves many repetitions of such processing, to
build up device structures with appropriate materials and
patterns, layer-by-layer on the substrate. Accordingly, sub-
strates 230 arriving at the litho cluster may be newly
prepared substrates, or they may be substrates that have been
processed previously in this cluster or in another apparatus
entirely. Similarly, depending on the required processing,
substrates 232 on leaving apparatus 226 may be returned for
a subsequent patterning operation in the same litho cluster,
they may be destined for patterming operations 1n a different
cluster, or they may be finished products to be sent for dicing
and packaging.

Each layer of the product structure requires a diflerent set
of process steps, and the apparatuses 226 used at each layer
may be completely diflerent 1n type. Further, even where the
processing steps to be applied by the apparatus 226 are
nominally the same, in a large facility, there may be several
supposedly 1dentical machines working in parallel to per-
form the step 226 on diflerent substrates. Small differences
in set-up or faults between these machines can mean that
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they influence different substrates in different ways. Even
steps that are relatively common to each layer, such as
ctching (apparatus 222) may be implemented by several
ctching apparatuses that are nominally 1dentical but working
in parallel to maximize throughput. In practice, moreover,
different layers require diflerent etch processes, for example
chemical etches, plasma etches, according to the details of
the material to be etched, and special requirements such as,
for example, anisotropic etching.

The previous and/or subsequent processes may be per-
formed 1n other lithography apparatuses, as just mentioned,
and may even be performed 1n different types of lithography
apparatus. For example, some layers in the device manu-
facturing process which are very demanding in parameters
such as resolution and overlay may be performed in a more
advanced lithography tool than other layers that are less
demanding. Therefore some layers may be exposed in an
immersion type lithography tool, while others are exposed 1n
a ‘dry’ tool. Some layers may be exposed 1n a tool working
at DUV wavelengths, while others are exposed using EUV
wavelength radiation.

In order that the substrates that are exposed by the
lithographic apparatus are exposed correctly and consis-
tently, 1t 1s desirable to 1nspect exposed substrates to mea-
sure properties such as overlay errors between subsequent
layers, line thicknesses, critical dimensions (CD), etc.
Accordingly a manufacturing facility in which litho cell LC
1s located also includes metrology system which receives
some or all of the substrates W that have been processed 1n
the litho cell. Metrology results are provided directly or
indirectly to the supervisory control system (SCS) 238. If
errors are detected, adjustments may be made to exposures
ol subsequent substrates, especially if the metrology can be
done soon and fast enough that other substrates of the same
batch are still to be exposed. Also, already exposed sub-
strates may be stripped and reworked to improve yield, or
discarded, thereby avoiding performing further processing
on substrates that are known to be faulty. In a case where
only some target portions of a substrate are faulty, further
exposures can be performed only on those target portions
which are good.

Also shown 1n FIG. 1 1s a metrology apparatus 240 which
1s provided for making measurements of parameters of the
products at desired stages in the manufacturing process. A
common example of a metrology apparatus 1n a modemn
lithographic production facility 1s a scatterometer, for
example an angle-resolved scatterometer or a spectroscopic
scatterometer, and 1t may be applied to measure properties of
the developed substrates at 220 prior to etching in the
apparatus 222. Using metrology apparatus 240, 1t may be
determined, for example, that important performance
parameters such as overlay or critical dimension (CD) do not
meet specified accuracy requirements i1n the developed
resist. Prior to the etching step, the opportunity exists to strip
the developed resist and reprocess the substrates 220
through the litho cluster. As 1s also well known, the metrol-
ogy results 242 from the apparatus 240 can be used to
maintain accurate performance of the patterning operations
in the litho cluster, by supervisory control system SCS
and/or control unit LACU 206 making small adjustments
over time, thereby minimizing the risk of products being
made out-of-specification, and requiring re-work. Of course,
metrology apparatus 240 and/or other metrology appara-
tuses (not shown) can be applied to measure properties of the
processed substrates 232, 234, and incoming substrates 230.

Each generation of lithographic manufacturing technol-
ogy (commonly referred to as a technology “node”) has
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smaller feature sizes and tighter specifications for perfor-
mance parameters such as CD. Therefore metrology appa-
ratus using shorter wavelengths of radiation 1s 1increasingly
considered as a solution to improve the resolution of mea-
surements. The metrology apparatus 240 may be adapted to
use shorter wavelengths, such as UV, DUV, EUV (soft x-ray)
or even x-ray wavelengths. More specifically, such a metrol-
ogy apparatus may be operating at wavelengths below 400
nm, optionally below 200 nm, below 100 nm, below 10 nm
or below 1 nm. Product features and/or product-like features
can be measured directly, even at the smallest technology
nodes, and in-die targets can be provided and measured
without losing too much area. In another implementation,
which 1s the example illustrated 1n FIG. 1, the metrology
apparatus 240 1s a conventional optical scatterometer using
inspection radiation 1n the infrared and wvisible parts of
spectrum. In addition, however, the manufacturing system
includes one or more metrology apparatuses 244 operating
in one or more of the shorter wavelength ranges mentioned
above. This additional metrology apparatus provides addi-
tional metrology results 246 which can be used by supervi-
sory control system SCS to achieve further control of quality
and improvement 1n performance of the lithographic manu-
facturing system as a whole.

The metrology apparatuses 240 and 244 can be used
independently of one another, or can be used together to
make a kind of hybrid metrology system. For example, an
optical scatterometer can be used to mspect structures within
the resist material treated within the litho cell, and the
additional metrology apparatus 244 can be used for the same
purpose. Additionally, an optical or x-ray metrology appa-
ratus may be applied to measure structures after they have
been formed 1n harder material. For example, substrates may
be 1nspected using additional metrology apparatus 244 after
they have been processed by the etching apparatus 222,
annealing apparatus 224 and/or other apparatus 226. The
present disclosure 1s not limited to any particular wavelength
range, nor to measurement of structures at any particular
stage of the manufacturing process.

Metrology Introduction

FIG. 2 depicts a spectroscopic scatterometer 270 which
may be used as an inspection apparatus in a metrology
system of the type described above. The spectroscopic
scatterometer may be of a known design, or of a new design.
Using the system of FIG. 1 as an example, the spectroscopic
scatterometer 270 may be used as the metrology apparatus
240 with UV, visible or infrared wavelengths. When adapted
for use with UV, DUV or soit x-ray or x-ray radiation, the
spectroscopic scatterometer 270 can be used as the addi-
tional metrology apparatus 244.

Spectroscopic scatterometer 270 comprises a broadband
radiation projector 272 which projects inspection radiation
onto a substrate W. Radiation reflected or difiracted by a
target structure T 1s passed to a spectrometer 274, which
measures a spectrum 276 (intensity as a function of wave-
length) of the specular reflected or difiracted radiation. From
this data, the structure or profile 278 giving rise to the
detected spectrum may be reconstructed by calculation
within processing unit PU. The reconstruction can be per-
formed for example by Rigorous Coupled Wave Analysis
and non-linear regression, or comparison with a library of
pre-measured spectra or pre-computed simulated spectra. In
general, for the reconstruction the general form of the
structure 1s known and some parameters are assumed from
knowledge of the process by which the structure was made,
leaving only a few parameters of the structure to be deter-
mined from the scatterometry data. Such a scatterometer

10

15

20

25

30

35

40

45

50

55

60

65

10

may be configured as a normal-incidence scatterometer or an
oblique-incidence scatterometer.

FIG. 3 shows the basic elements of an angle-resolved
scatterometer 280 that may be used instead of or 1n addition
to a spectroscopic scatterometer 270. Angle-resolved scat-
terometer 280 may be of a known design or of a new design.
Using the system of FIG. 1 as an example, angle-resolved
scatterometer may be used with UV, visible or infrared
wavelengths as the metrology apparatus 240 1n the system
FIG. 1. When adapted for use with UV, DUV or soft x-ray
or X-ray radiation, the spectroscopic scatterometer can be
used as the additional metrology apparatus 244.

In this type of scatterometer, radiation emitted by a
radiation source 11 1s conditioned by an 1llumination system
12. For example, illumination system 12 may include a
collimating using lens system 12a, a color filter 125, a
polarizer 12¢ and an aperture device 13. The conditioned
radiation follows an illumination path IP, in which 1t 1s
reflected by partially reflecting surface 15 and focused into
a spot S on substrate W via a microscope objective lens 16.
A metrology target T may be formed on substrate W. Lens
16, has a high numerical aperture (NA), preferably at least
0.9 and more preferably at least 0.95. Immersion fluid can be
used to obtain with numerical apertures over 1 11 desired.
Further increases in NA can be obtained by use of solid
immersion lens (SIL) techniques, including micro-SIL and
equivalents.

As 1n the lithographic apparatus LA, one or more sub-
strate tables may be provided to hold the substrate W during
measurement operations. (In an example where the 1mspec-
tion apparatus 1s itegrated with the lithographic apparatus,
they may even be the same substrate tables.) Various sensors
and actuators are provided for example to acquire the
position of a target of interest, and to bring it into position
under the objective lens 16. Typically many measurements
will be made on targets at different locations across substrate
W. The substrate support can be moved in X and Y directions
to acquire different targets, and 1n the Z direction to obtain
a desired focusing of the optical system on the target. It 1s
convenient to think and describe operations as 1 the objec-
tive lens and optical system are being brought to different
locations on the substrate, when in practice the optical
system remains substantially stationary and only the sub-
strate moves. Provided the relative position of the substrate
and the optical system 1s correct, 1t does not matter 1n
principle whether one or both of those 1s moving 1n the real
world.

When the radiation beam is incident on the beam splitter
16 part of 1t 1s transmitted through the beam splitter (par-
tially reflecting surface 15) and follows a reference path RP
towards a reference mirror 14.

Radiation reflected by the substrate, including radiation
diffracted by any metrology target T, 1s collected by lens 16
and follows a collection path CP 1n which 1t passes through
partially reflecting surface 15 1nto a detector 19. The detec-
tor may be located 1n the back-projected pupil plane P, which
1s at the focal length F of the lens 16. In practice, the pupil
plane itself may be inaccessible, and may instead be re-
imaged with auxiliary optics (not shown) onto the detector
located 1n a so-called conjugate pupil plane P'. The detector
may be a two-dimensional detector so that a two-dimen-
sional angular scatter spectrum or diffraction spectrum of a
substrate target 30 can be measured. In the pupil plane or
conjugate pupil plane, the radial position of radiation defines
the angle of incidence/departure of the radiation in the plane
of focused spot S, and the angular position around an optical
axis O defines azimuth angle of the radiation. The detector




US 10,133,192 B2

11

19 may be, for example, an array of CCD or CMOS sensors,
and may use an integration time of, for example, 40 milli-
seconds per frame.

Radiation 1n reference path RP 1s projected onto a differ-
ent part of the same detector 19 or alternatively on to a
different detector (not shown). A reference beam 1s often
used for example to measure the intensity of the incident
radiation, to allow normalization of the intensity values
measured 1n the scatter spectrum.

Returming to the known apparatus, the various compo-
nents of 1llumination system 12 can be adjustable to 1mple-
ment different metrology ‘recipes’ within the same appara-
tus. Color filter 126 may be implemented for example by a
set of interference filters to select different wavelengths of
interest 1n the range of, say, 405-790 nm or even lower, such
as 200-400 nm, 100-200 nm, 1-100 nm or 0.01 to 1 nm.
(Operation at these lower wavelengths require modified
optical systems, but the principles of operation are the
same.) An interference filter may be tunable rather than
comprising a set of different filters. A grating could be used
instead of interference filters. Polarizer 12¢ may be rotatable
or swappable so as to implement different polarization states
in the radiation spot S. Aperture device 13 can be adjusted
to implement different 1llumination profiles. Aperture device
13 1s located 1n a plane P" conjugate with pupil plane P of
objective lens 16 and the plane of the detector 19. In this
way, an 1llumination profile defined by the aperture device
defines the angular distribution of light incident on substrate
radiation passing through different locations on aperture
device 13.

The detector 19 may measure the intensity of scattered
light at a single wavelength (or narrow wavelength range),
the intensity separately at multiple wavelengths or integrated
over a wavelength range. Furthermore, the detector may
separately measure the intensity of transverse magnetic- and
transverse electric-polarized light and/or the phase differ-
ence between the transverse magnetic-polarized light and
transverse electric-polarized light.

Where a metrology target T 1s provided on substrate W,
this may be a 1-D grating, which 1s printed such that after
development, the bars are formed of solid resist lines. The
target may be a 2-D grating, which 1s printed such that after
development, the grating 1s formed of solid resist pillars or
vias 1n the resist. The bars, pillars or vias may alternatively
be etched into the substrate. This pattern i1s sensitive to
aberrations 1n the lithographic projection apparatus, particu-
larly the projection system PS. Illumination symmetry and
the presence of such aberrations will manifest themselves in
a variation in the printed grating. Accordingly, the scatter-
ometry data of the printed gratings 1s used to reconstruct the
gratings. The parameters of the 1-D grating, such as line
widths and shapes, or parameters of the 2-D grating, such as
pillar or via widths or lengths or shapes, may be input to the
reconstruction process, performed by processing unit PU,
from knowledge of the printing step and/or other scatter-
ometry processes. The techniques disclosed herein are not
limited to inspection of grating structures, and any target
structure, including a blank substrate or a substrate having
only flat layers on it, 1s included within the term ““target
structure”™

In addition to measurement of parameters by reconstruc-
tion, angle resolved scatterometry 1s useful 1n the measure-
ment of asymmetry of features in product and/or resist
patterns. A particular application of asymmetry measure-
ment 1s for the measurement of overlay, where the target
comprises one set of periodic features superimposed on
another. The concepts of asymmetry measurement using the
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instrument of FIG. 3 are described for example 1n published
patent application US2006066855A1 cited above. Simply
stated, while the positions of the diffraction orders in the
diffraction spectrum of the target are determined only by the
periodicity of the target, asymmetry of intensity levels in the
diffraction spectrum 1s indicative of asymmetry in the 1ndi-
vidual features which make up the target. In the instrument
of FIG. 3, where detector 19 may be an 1mage sensor, such
asymmetry in the diffraction orders appears directly as
asymmetry 1n the pupil image recorded by detector 19. This
asymmetry can be measured by digital image processing in
unmit PU, and calibrated against known values of overlay.

In a further development of the angle-resolved scatter-
ometer, a field image sensor (not shown) may be provided
and used to measure asymmetry in smaller targets using
so-called dark-field imaging. For example in a known appa-
ratus, a second beam splitter divides the collection path into
two branches, one for pupil imaging and one for dark-field
imaging. In a first measurement branch, detector 19 records
a scatter spectrum or diffraction spectrum of the target
exactly as described above. This detector 19 may be referred
to as the pupil image detector. In the dark-field imaging
measurement branch (not shown here), an 1imaging optical
system forms an 1image of the target on the substrate W on
another sensor (e.g. a CCD or CMOS sensor). This other
sensor can be referred to as the field image sensor. An
aperture stop 1s provided in a plane that 1s i the collection
path 1n a plane conjugate to the pupil-plane (it may also be
called a pupil stop). This aperture stop functions to block the
zeroth order diffracted beam so that the image of the target
formed on the field image sensor 1s formed only from the
first order beam(s). This 1s the so-called dark field image,
equivalent to dark field microscopy. The images captured by
one or both sensors are output to image processor and
controller PU, the function of which will depend on the
particular type of measurements being performed.

While the known examples provide pupil 1image sensor
and field image sensor in separate branches of an optical
system, another apparatus might have only a pupil image
sensor or a field image sensor. Alternatively, movable optical
clements may be provided so that the same 1image sensor 19
can be used sometimes as a pupil image sensor and some-
times as a field 1image sensor. In any case, the principles of
the present disclosure may be applied 1n any type of metrol-
ogy apparatus using inspection radiation, whether for scat-
terometry or imaging, direct imaging or dark-field imaging,

While the scatterometers of FIGS. 2 and 3 are 1llustrated
schematically as comprising transmissive (refractive) opti-
cal elements, the skilled person will appreciate that some or
all of these elements may in practice be reflective elements.
This 1s particularly the case when UV and shorter wave-
lengths of 1nspection radiation are chosen for use. Examples
of such apparatus will be described below, with reference to
FIGS. 9 and 10. While the examples illustrated herein use
radiation scattered upon reflection by the target structure,
other implementations, for example at x-ray wavelengths
(below, say 1 nm), may use radiation scattered upon trans-
mission by the structure.

Introduction to Reconstruction

FIG. 4 1s a flowchart of a method of measuring parameters
ol a target structure, using for example the above metrology
apparatus 240 and/or 244 and simulation methods disclosed
herein. As described above, the target structure may be on a
substrate such as a semiconductor wafer. This target will
often take the shape of a periodic series of lines 1n a grating,
or structures 1n a 2-D array. The purpose of the metrology
techniques 1s to measure one or more parameters ol the
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shape by calculation from the observed interaction with
radiation. In the reconstruction techniques disclosed herein,
rigorous diffraction theories are used eflectively to calculate
what values of these parameters will result 1n a particular
observed diffraction spectrum. In other words, target shape
information 1s obtained for parameters such as CD (critical
dimension) and overlay. Overlay metrology 1s a measuring
technique in which the overlay of two targets 1s measured in
order to determine whether two layers on a substrate are
aligned or not. CD, or critical dimension, 1s the width of the
object that 1s “written” on the substrate and i1s the limit at
which a lithographic apparatus 1s physically able to write on
a substrate. In some situations, the parameter of interest may
be CD uniformity, rather than an absolute measurement of
CD 1tself. Other parameters such as edge placement error
(EPE), layer height (thickness) and side wall angle (SWA)
may also be measured, 1f desired. Any parameter of the
shape that has an influence on the diffraction pattern (scatter
spectrum) can in principle be measured 1n this way. Param-
cters ol interest may also include a parameter related to
properties of the material within the structure, rather than the
shape of the structure.

Using results from one or both of the metrology appara-
tuses 240 and 244 in combination with modeling of a target
structure T and 1ts diffraction properties, measurement of the
shape and other parameters of the structure can be per-
formed 1n a number of ways. In a first type ol process,
represented by FIG. 4, a scatter spectrum based on a first
estimate of the target shape (a first candidate structure) 1s
calculated and compared with the observed spectrum.
Parameters of the model are then varied systematically and
the diffraction re-calculated in a series of iterations, to
generate new candidate structures and so arrive at a best {it.
In a second type ol process, spectra for many different
candidate structures are calculated in advance to create a
“library” of spectra. Then the spectrum observed from the
measurement target 1s compared with the library of calcu-
lated spectra to find a best fit. Both methods can be used
together: a coarse fit can be obtained from a library, followed
by an iterative process to find a best {it.

The terms “spectrum™ and “spectra” in this context may
refer to a frequency-resolved spectra in the spectroscopic
scatterometer of FIG. 2, or to scatter spectra and diffraction
patterns 1n the angle-resolved scatterometer of FIG. 3. The
term “scatter spectrum” or “‘scatter pattern”™ 1s particularly
useiul when the sensor captures only zero order scattered
radiation. If the apparatus captures higher diflraction orders,
then the scatter pattern may be more commonly referred to
as a diffraction spectrum or diflraction pattern.

A third type of process omits the step of modelling the
structure and its interaction with spection radiation, and
applies machine learning to correlate features of the
observed scatter spectra with parameters of the structure.
Machine learning can be based on a training set of spectra
observed from real structures, coupled with direct measure-
ments of parameters of the structure, that will be the
unknown parameters 1n a future measurement. Machine
learning can also be based on a training set of spectra
obtained by modeling (simulation) of the interaction with
mathematically modeled structures, as used in the “library”
process described above. Training data based on simulation
and training data based on real observations can be com-
bined into a larger training set, as desired.

Returming to the first type of process, purely by way of
example, the way the measurement of the target shape
and/or material properties may be carried out using an
angle-resolved scatterometer will be described 1n summary,
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with reference to FIG. 4. The following steps are performed.
The steps will be listed here, and then explained 1n more
detail:

S11: Recerve Substrate with Target(s)

S12: Define Measurement Recipe

S13:. Measure Scatter Patterns

S14: Define Model Recipe

S15: Estimate Shape Parameters

S16: Calculate Model Scatter Patterns

S17: Compare Measured v Calculated Patterns

S18: Calculate Merit Function

S19: Generate Revised Shape Parameters

S20: Report Final Shape Parameters

At S11 a substrate W 1s received with one or more
metrology target structures T upon 1t. The target structure
will be assumed for this description to be periodic 1n only
one direction (1-D structure). In a case where 1t 1s periodic
in two directions (2-dimensional structure), or not com-
pletely periodic, the processing will be adapted accordingly.
At S12 a measurement recipe 1s defined. The recipe may
define any number of parameters of the illumination and
detection settings to be used in a particular application. The
recipe may specily one or more combinations of wavelength
and polarization for the incident radiation. The recipe may
define specific angular distribution for the i1llumination and
detection. The recipe may specily intensity and exposure
time of the incident radiation. For example also, phase or
coherence of the source(s) could be part of the measurement
recipe.

At S13 with a target structure positioned at the spot S,
scatter spectra of the structure on the substrate are measured
using the apparatus of the general type 1llustrated 1n FIG. 4.
The measured spectra are captured by pupil image sensor 19
and forwarded to a calculation system within processing unit
PU. To obtain a robust measurement through reconstruction,
several spectra of the same target may be captured with
different sub-recipes. The spectra captured in this way
constitute observation data from which properties of the
target structure can be determined, whether directly or
indirectly.

Note that the observation data may be processed as
detailed spectra, or they may be simplified into a set of
parameters before being used in calculations. As a particular
example, a diffraction pattern may be reduced simply to a set
of values representing the intensity of identifiable difiraction
orders. The intensity may be obtained for example by
identifying a peak in the diflraction spectrum that corre-
sponds to a respective diflraction order, and assigned to that
diffraction order a value corresponding to the height of the
observed peak. In other cases, all pixels of a scatter pattern
may be of interest.

At S14 a ‘model recipe’ 1s established which defines a
parameterized model of the target structure 1n terms of a
number of parameters p, (p,, P,. p; and so on). These
parameters may represent for example, 1 a 1-D periodic
structure, the angle of a side wall, the height or depth of a
teature, the width of the feature. Properties of the target
maternial and underlying layers are also represented by
parameters such as refractive index (at a particular wave-
length present 1n the nspection radiation beam). Impor-
tantly, while a target structure may be defined by dozens of
parameters describing i1ts shape and maternal properties, the
model recipe will define many of these to have fixed values,
while others are to be variable or ‘floating’ parameters for
the purpose of the following process steps. For the purposes
of describing FIG. 4, only the variable parameters are
considered as parameters p,. Variable parameters will gen-
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erally include the parameter of interest (the property to be
measured), as well as so-called “nuisance” parameters.
These are parameters that are correlated with the parameters
of interest and may also influence the observed spectra.
Automated methods of optimizing the selection of fixed and
floating parameters are described in the prior art, for
example 1n US20120123748.

Conventionally, 1t 1s assumed that the parameters of the
structure model, even the variable parameters, do not vary
over the course of an exposure with ispection radiation. On
the other hand, mn accordance with the principles of the
present disclosure, this assumption may not be valid 1n all
cases. Modifications of the method will be discussed further
below, that take account of variation of the parameters 1n the
course ol the exposure. The conventional steps of the
method will be described first of all.

At S15 a model target shape 1s estimated by setting initial
values p,(0) for the floating parameters (1.e. p,(0), p,(0),
p5(0) and so on). Each floating parameter may be generated
with certain constraints, as defined 1n the recipe.

At 516, the parameters representing the estimated shape,
together with the properties of the different materials 1n the
model, are used to calculate the scattering properties, for
example using a rigorous optical diffraction method or other
solver of Maxwell equations, described 1n the prior art. This
gives an estimated or model diffraction pattern of the esti-
mated target shape, for a given combination of wavelength,
polarization, angular distribution and so forth.

At S17 and S18 the measured difiraction patterns and the
model diffraction patterns are then compared and their
similarities and differences are used to calculate a “merit
function” for the model target shape.

Assuming that the merit function indicates that the model
needs to be improved before 1t represents accurately the
actual target shape, control passes to step S19 where new
parameters p,(1), p,(1), ps(1), etc. are estimated and fed
back 1teratively into step S16. Steps S16 to S18 are repeated.
In order to assist the search, the calculations in step S16
turther generate partial derivatives of the merit function,
indicating the sensitivity with which increasing or decreas-
ing a parameter will increase or decrease the merit function,
in this particular region 1n the parameter space. The calcu-
lation of merit functions and the use of derivatives 1is
generally known 1n the art, and will not be described here 1n
detail.

When the mernt function indicates that this iterative
process has converged on a solution with a desired accuracy,
control passes to step S20 and the currently estimated
parameters (for example a CD value) are reported as the
measurement of the actual target structure.

Once the value for one target has been calculated, a new
target on the same substrate or a similar substrate may be
measured using the same steps S13 etc., without changing,
the measurement recipe. Where a diflerent type of substrate
or target 1s to measured, or 1n any case where 1t 1s desired to
change the measurement recipe, control passes to step S11
or S12 instead.

FIG. 5§ illustrates the application of a measurement
method (for example the method of FIG. 4) 1n the manage-
ment of a lithographic manufacturing system. The steps will
be listed here, and then explained 1n more detail:

S21: Process waler to produce structures on substrate
S22: Measure CD and/or other parameter across substrate
S23: Update metrology recipe

S24: Update lithography and/or process recipe

At step S21, structures are produced across a substrate
using the lithographic manufacturing system. At S22, the
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metrology apparatus 240 and/or 244 and optionally other
metrology apparatus and information sources are used to
measure a property of the structures across the substrate. A
property we are iterested 1n may be one of CD, OVL and
or EPE for example. Another application of the method 1s
hotspot- and defect inspection, for example using lensless
EUV mmaging. At step S23, optionally, metrology recipes
and calibrations of the metrology apparatuses are updated 1n
light of the measurement results obtained. For example,
where the additional metrology apparatus 244 has a lower
throughput than the optical metrology apparatus 240, a few
accurate measurements using shorter wavelengths can be
used to immprove the calculation of measurements made
using the optical metrology apparatus, for a specific sub-
strate design and process.

At step S24, measurements of CD or other parameters are
compared with desired values, and used to update settings of
the lithographic apparatus and/or other apparatus within the
lithographic manufacturing system. By providing a metrol-

ogy apparatus operating at shorter wavelengths, product
features and/or product-like features can be measured
directly, even at the smallest technology nodes, and 1n-die
targets can be provided and measured without losing too
much area. These shorter wavelengths may be for example

below 400 nm (broadly UV waveband), optionally below
200 nm (broadly DUV), below 100 nm (broadly EUV),

below 10 nm (EUV & sofit x-ray), below 1 nm (EUV & soft
x-ray) or below 0.1 nm (hard x-ray).
Taking Account of Time-Varying Parameters

As mentioned above, the conventional metrology meth-
ods assume that the structure being measured remains con-
stant during the exposure to the nspection radiation. At
optical wavelengths, used in conventional scatterometers,
this assumption generally holds true, because the photons of
the mspection radiation are not energetic enough to cause
physical or chemical changes 1n the materials of the struc-
ture or the underlying substrate.

When moving to shorter wavelengths, moreover, a higher
energy dose of radiation 1s required to achieve good repro-
ducibility of measurement results. This 1s because the signal
to noise ratio in respect ol photon shot noise equals the
square root of the number of photons detected. Theretore, a
certain number of photons, rather than a certain energy 1is
required to achieve a desired signal-to-noise ratio. At the
same time, at shorter wavelengths, the energy per photon 1s
proportionately higher than in the infrared and wvisible
ranges. Therefore the radiation dose per exposure may be
substantially higher than 1n conventional metrology. In addi-
tion, when the photon energy 1s higher than relevant molecu-
lar and atomic binding energies (>>1 eV) many diflerent
interaction mechanisms can play a role that do not occur
with visible or IR photons. For example, hard x-rays can
eject core electrons via the photoelectric effect, and this
could lead to secondary electrons via the Auger efiect. A
person skilled 1n the art will appreciate that there are more
interaction schemes that can occur, depending on the photon
energy and the material properties. In this way, a single high
energy photon can cause a cascade of events, leading to large
chemical or structural changes in the irradiated material.

This high radiation dose 1n practice causes the structure to
change in the course of the exposure. In the case of mspec-
tion based on a developed resist pattern, known as after
development 1mspection or ADI, shrinkage of the resist may
commonly occur. This 1s a phenomenon that has already
been observed and modeled 1n detail 1n the context of
patterning using EUV radiation. Even at more conventional
wavelengths longer than 400 nm, changes have been
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observed to occur, which may be due to bleaching of the
resist. These changes, when they alter the shape or matenal
properties of the structure 1n the course of the measurement,
can cause 1naccuracy in the reported measurement results.
Even 1f a measurement 1s very accurate as to the dimensions
that a structure has during or after the measurement, 1t may
not be useful 11 the aim 1s to measure the dimensions of the
structure, as 1t was prior to measurement. Additionally, since
it may be desired to make measurements of the same
structure at different wavelengths, even 1f a current obser-
vation may be made using inspection radiation which has
negligible eflect on the structure, the structure may already
have been changed by mspection radiation used for a
previous observation on the same structure. If this change 1s
not taken into account, 1t 1s diflicult to obtain an accurate
measurement of the structure, as i1t existed prior to any
observation.

FI1G. 6 illustrate the eflect of radiation on developed resist
patterns, which has been referred to as resist “shrinkage”. At
(a) there 1s 1llustrated a typical height profile of a feature 600
formed 1n developed resist. The feature has a height h and a
line width or critical dimension CD. Inspection radiation
602 impinges on the structure during exposure in the metrol-
ogy apparatus 244. After exposure, as illustrated at (b), the
resist material has shrunk, and consequently the feature 600
has a distorted shape, with a reduced height h' and a reduced
line width CD'.

FIG. 7 (a) illustrates the change 1n a parameter such as CD
(vertical axis) as a function of exposure dose E (horizontal
axis). Depending on the radiation intensity, the horizontal
axis represents the duration of the exposure, 1n which the
dose per unit time 1s 1ntegrated. Starting at zero dose, a
number of dose levels El, E2 etc. are marked on the
horizontal axis, with no particular units. At zero dose, the
CD 1s mitially at a value labeled CDO0. Up to the dose level
E1, no significant change 1n dimensions 1s observed. How-
ever, as the dose increases through levels E2, E3 and E4, the
material of the structure progressively shrinks. At higher
doses, no further shrinkage occurs, and the minimum dimen-
sion stabilizes at a value labeled CD7.

The chemical and physical mechanisms that cause resist
shrinkage are described in more detail 1n the reference Liu
et al., mentioned in the introduction. It should be noted that
shrinkage of resist material 1s not the only change that can
be brought about by the dose of mspection radiation. Other
materials, for example amorphous carbon, may also be
allected. Accordingly, these concerns do not only arise 1n
alter development inspection ADI, but also in after etch
inspection or AEI. Layer heights may change, 1n addition to
or 1nstead of feature widths. These dimensional changes are
not the only types of changes that may be expected, either.
As the radiation may cause changes 1n amorphous or crystal
structures, 1t will be appreciated that material properties such
as refractive index n and complex refractive index k might
also change. These parameters also influence the interaction
of the mspection radiation with the product. In all such
cases, the actual shape and/or the apparent shape of the
structure under mvestigation can change in the course of an
ispection exposure. Just as 1 the case when a subject of the
photograph moves during a long exposure, the result of
shrinkage or other time-based variations in the structure
under mspection causes the obtained spectra to be similarly
“blurred”. This effect mevitably introduces errors and/or
increases uncertainty in the measurement results obtained,
whether by reconstruction or otherwise.

Of course, 1f the desired measurement accuracy can be
obtained with the dose corresponding to level E1 1n FIG. 7,
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then these changes will have no influence on the measure-
ment results. In practice, however, the dose required for
accurate measurement 1 a number of relevant applications
falls n or beyond the part of the curve in which the
dimensional change or other change occurs. Consequently, a
reconstruction or other calculation will deliver an answer
that the CD (for example) value 1s lower than the actual CD
of the feature, prior to measurement. According to the
present disclosure, these dimensional and/or other changes
are taken into account when calculating a value for the
parameter of interest, so that the true, initial value of a
parameter can be more accurately reported as a property of
the structure under 1vestigation.

To 1mprove accuracy of measurements, there 1s now
proposed a method of determining a property of a structure
that includes recerving observation data obtained by expos-
ing the structure one or more times with mspection radiation
and observing said inspection radiation after interaction with
the structure. Based on the observation data, a value for the
parameter ol interest as a property of the structure 1s
determined. The determination of the parameter of interest 1s
performed taking into account changes in the structure
caused by the mspection radiation during an exposure
pertod. The method may include as a preliminary step
defining a number of variable parameters to represent the
structure, the variable parameters including at least one
parameter of interest. The variable parameters may include
one or more time-related parameters representing said
changes 1n the structure caused by the ispection radiation
during said exposure period.

In order to take account of the changes, one can define a
model of the shrinkage or other change effect. The model
may assume an exponential change, or a piecewise linear
change, similar to the curve seen in FIG. 7(a). The changes
can be taken 1nto account even when the observation data 1s
obtained by integration over a single long exposure interval
t-+p, as illustrated m FIG. 7(b). In a further refinement,
however, the exposure 1nterval t..» can be subdivided 1nto
shorter exposures, as illustrated 1in FIG. 7(c). In the latter
case, 1t will be appreciated that a number of “snapshot™
spectra are captured, that can reveal different stages of the
change 1n progress. In the former case, a single, integrated
spectrum 1s obtained, which corresponds to the “blurred
photograph” presented above. In either case, by taking the
changes 1n the structure mnto account, a better measurement
of the mmitial value of the parameter of interest can be
expected.

Referring back to FIG. 4, modifications of a reconstruc-
tion type measurement method will now be described, by
which the above principle may be implemented. The first
change 1s 1n relation to step S14. As part of the model recipe
that describes the structure in terms of fixed and floating
parameters, including dimensional parameters and material
properties, a step S14aq adds to the recipe one or more
time-related parameters. One or more of the parameters of
interest or floating parameters may be modeled as a time-
dependent parameter. As a simple example, a model for
measurement of CD could be expressed in the following
form:

CD(H=CD,-5"1

where CD, and S are parameters representing the imitial CD
and the CD shrinkage per unit time respectively. Parameters
CD, and S could be set fixed or tloating independently. In the
case of CD measurement, the mitial CD labeled CD, may be
the parameter of interest, of course and therefore will be
floating. The shrinkage per unit time S may be known 1n
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advance from experience, or may be floating within some
known range of experience. Parameters CD,, and S can be
referred to as time-related parameters, while CD(t) can be
referred to as a time-dependent parameter. The CD(t) param-
cter, together with for example a height h(t) and SWA(t), will
then describe the structure during the exposure.

It will be understood that one could come up with much
more complicated relations for a time-related parameter
such as CD(t). The form of expression and calculation is not
limited to mathematical expressions like the one given
above, but 1t could also be tabulated, such as:

r < 1)
il >t>1

( CDy,

CD(1) =4 CDy,

. elc.

or expressed 1n relation to other time-dependent parameters,
for example:

A(r)
CD(1) = —~ + CDo

These time-related parameters may equally be considered
as dose-related parameters, and the radiation intensity and/or
energy per photon (or wavelength) may be fixed or variable
parameters of the model also.

In step S135a, mnitial values for these time-related param-
eters are set, at the same time as 1nitial values for the other
parameters of the model. Steps S16 to S18 proceed just as
described above, ending with a judgment whether the shape
and time-related parameters fit well the observed spectrum
or spectra. IT another iteration i1s required, in step S19aq,
revised time-based parameters may be generated. By the
iterative process, a best fit 1s obtained, 1n which not only
fixed properties of the material and shape of the structure are
taken into account, but also variations in the shape or
material of the structure that occur over time, during an
exposure period.

FI1G. 8 1llustrates a modified version of the method of FIG.
4, using multiple captures over subdivisions of the overall
exposure iterval t..», in the manner illustrated 1n FIG. 7(c¢).
All the steps are the same, except that the steps S13 to S19
with regard to a number of snapshots obtained over subdi-
visions of the overall exposure interval t,.... Thus, 1n step
S13, multiple captured 1mages are received allowing the
change of the scatter spectrum over time to be resolved.
Similarly, 1n defimng the model recipe and setting initial
values for the parameters at steps S14 and S13, the model
can have parameters that differ between diflerent subdivi-
sions of the exposure interval. The model may even have a
different structure for different sub-intervals. For example,
you might want to use two different models for the shapes
shown 1n FIGS. 6 (a) and (). The shape 1n FIG. 6 (a) can
be modelled as just a rectangle, which 1s often easier to deal
with from a computational point of view. The distorted
shape shown 1n FIG. 6 (b) can be modelled as a trapezoid,
or by something much more complicated, depending what
level of accuracy 1s required to achieve a desired accuracy
in the parameters of interest. For example the shape i FIG.
6 (b) can be modeled as a number of b-spline curves, which
are then staircased to fit 1n the forward scattering model used
in step S16. This will also require some kind of conversion
between the rectangle parameters and the b-spline param-
eters.
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As a consequence of the inclusion of time-related param-
eters and time-dependent parameters, 1n the calculation of
model spectra at step S16, the model can result 1n a different
spectrum 1n different sub-intervals, retlecting changes 1n the
structure. In the comparing of measured and calculated
spectra, better matching can be expected (once the time-
based parameters of the model are matched well with the
real changes happening in the structure). In step S18,
individual merit functions can be obtained for each sub-
interval, as well as an overall merit function. When all
parameters are matched with reality, the ment function
scores will be uniformly good. If the score 1s good 1n some
sub-1ntervals and bad in others, this information can be used
in step S19q to generate revised values for the time-related
parameters. More generally, the quality of fitting of simu-
lation and observation can be used as a measure of the
correctness of the time-based model and parameter values.

In addition to subdividing an exposure mto a number of
sub-intervals, it will be appreciated that multiple exposures
may be used, for example to obtain spectra using diflerent
wavelengths of inspection radiation, or different polariza-
tions, different incidence angles and so on. Unless a diflerent
target structure 1s used of reach of these, which 1s generally
undesirable, the dose of radiation incident on the structure
will accumulate over the series of exposures. The same
method as 1llustrated above and as shown 1n FIG. 7(¢) can
be applied 1n that case, so as to take ito account radiation-
induced changes 1n the structure, when comparing spectra
obtained using different wavelengths. The different expo-
sures of the same structure may be made for measuring the
same property, or diflerent properties.

As mentioned already above, a reconstruction method
such as that illustrated 1n FIG. 4 and FIG. 8 is not the only
method to derive a value for one or more properties of the
target structure based on observation data from a metrology
apparatus. A library based method can be used. A machine
learning method can be used, using a training set of spectra
and measurements. The training set of spectra may include
a library of simulated spectra and/or real observed spectra,
combined with measurement data obtained by other means,
such as SEM. Compared with the parameter adviser function
described above, use of machine learning will allow effec-
tively a free assignment of fixed and floating parameters in
different parts of the parameter space, for example using
Mimmum Mean Squared Error. This has the advantage that
the model recipe can be optimized for each part of the
parameter space, rather than a single recipe being optimized
over the whole parameter space. Coupled with taking into
account time-based changes, overall accuracy of the
reported measurements can be improved.

The principles of the present disclosure can be applied 1n
other types of analysis. For example, asymmetry 1s a param-
cter that can be measured for a range of applications, notably
overlay. As mentioned above, asymmetry can be measured
in the pupil image, for example to measure overlay as a
parameter of interest. Asymmetry of small targets can be
measured by dark-field imaging, and not only pupil imaging.
Multiple biased grating structures can be measured 1n a
single 1mage. Targets can be designed so that parameters
such as dose and focus can be measured through measure-
ment ol asymmetry, and not only overlay.

Some care 15 of course required 1n adapting the calcula-
tions to allow for changes in the structure during the
measurement exposure. Considering a change such as
shrinkage, if the shrinkage 1s symmetrical then the shrinkage
will drop out 1n an asymmetry measurement. However,
shrinkage does not necessary need to be symmetrical, so that
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shrinkage can be a source of asymmetry, leading to 1naccu-
racy in measurement ol asymmetry-related parameters. The

impact of shrinkage induced asymmetry can be suppressed
by taking 1t into account in the algorithm that 1s used to
calculate overlay or other parameter of interest. Such a
suppression could be based on suppressing asymmetries that
are a function of time, this 1s a possibility if more than one
measurement 1s done. If just one measurement 1s done, one
can simply design or train the algorithm to be isensitive to
asymmetries occurring due to shrinkage. This design or
training could be done for example by means of modelling
the time-related component of asymmetry, or measuring it,
or a combination of both.

Application Examples—EUYV Metrology
Apparatuses

FIG. 9 illustrates schematically an apparatus 900 for
performing High-resolution lensless imaging using EUV
radiation reflected from the target structure. More detail of
this apparatus and method 1s provided in pending patent
application EP15180807.8, mentioned in the introduction.
The context of that application 1s hereby incorporated by
reference. Lensless imaging can be performed by calculating,
the 1mage from one or more recorded diflraction patterns,
without a physical imaging system. A product structure 907
1s formed with defects that are to be detected by the lensless
imaging. A spot (S) of EUV radiation which 1s at least
partially coherent 1s provided on the product structure while
a detector 908 captures at least one diffraction pattern
formed by the radiation after scattering by a product struc-
ture 907. At least one synthetic image of the product
structure 1s calculated from the captured 1mage data by a
processor 910.

Processor 910 may implement a method of the type
disclosed above to simulate interaction of the EUV radiation
with the target structure. The method may be used 1n a
reconstruction context as illustrated in FIG. 4, or 1n some
other context. For defect metrology, the synthetic image may
be compared with reference data that describes a nominal
product structure. In one embodiment, the lensless 1maging,
technique used 1s ptychography. A number of difiraction
patterns are obtained using a series of overlapping spots (S,
S'), and the synthetic 1mage 1s calculated using the diflirac-
tion patterns and knowledge of the relative displacement.
The EUV radiation may have wavelengths in the range 5 to
50 nm, close to dimensions of the structures of interest. The
radiation source 912 may be for example a higher harmonic
generator (HHG) source based on a laser and HHG cell.

In all of the processing performed by processor 910 to
generate the desired 1mage or other representation of the
structure, changes 1n the structure that are caused by doses
of mnspection radiation can be taken 1nto account to improve
accuracy ol 1maging the original structure.

FIG. 10 1llustrates schematically another metrology appa-
ratus based on reflection of x-ray and/or EUV radiation
generated using an inverse Compton scattering source. More
detail of this apparatus and method 1s provided in pending
patent application EP15180740.1, mentioned 1n the intro-
duction. The context of that application 1s hereby incorpo-
rated by reference. Using the inverse Compton scattering,
source, X-ray, EUV, UV and VIS radiation can be generated
with high brightness and rapid frequency switching. In the
drawing, a target structure (1) made by lithography or used
in lithography 1s ispected by irradiating the structure at
least a first time with EUV radiation 1004 generated by
inverse Compton scattering source 1030. In this type of
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source a high energy electron beam interacts with a laser

beam 1n a cavity to generate output radiation at x-ray or

longer wavelengths. Radiation 1008 scattered by the target
structure 1n reflection or transmission 1s detected by detector

1012 and properties of the target structure are calculated by

a processor 1040 based on the detected scattered radiation.
Processor 1040 may mmplement a method of the type

disclosed above to simulate interaction of the EUV radiation
with the target structure. The method may be used 1n a
reconstruction context as illustrated in FIG. 4, or in some
other context. The radiation may have a first wavelength 1n
the EUV range of 0.1 nm to 125 nm. Using the same source
and controlling an electron energy, the structure may be
irradiated multiple times with different wavelengths within
the EUV range, and/or with shorter (x-ray) wavelengths
and/or with longer (UV, wvisible) wavelengths. By rapid
switching of electron energy in the inverse Compton scat-
tering source (330), irradiation at different wavelengths can
be performed several times per second. Performing recon-
struction with information from different wavelengths can
resolve ambiguities that would otherwise be present in
solving the Maxwell equations.

Again, whatever method of processing i1s performed to
determine the property of the structure that 1s under inves-
tigation, changes caused by doses of inspection radiation can
be taken 1nto account to improve accuracy of the result.

Also to improve accuracy, measurements made with two
or more types of apparatus can be obtained 1n a vanety of
hybrid techniques. If the same target 1s used for multiple
measurements, 1t 1s clear that cumulative changes of induced
by the inspection radiation from the different apparatuses
can be taken into account to improve the accuracy of the
result. More details of the metrology apparatuses can be
found 1n the patent applications referred to above. It will be
understood that they are only examples of the many types of
apparatuses and methods 1n which the techniques disclosed
herein may be applied. Any or all of these types of appara-
tuses can be used 1 a given application, whether for
semiconductor manufacturing or other purposes.

Further embodiments according to the invention are
described in below numbered clauses:

1. A method of determining a property of a structure, the
method including the steps of:

(a) defining one or more variable parameters to represent the
structure, the variable parameters including at least one
parameter ol interest;

(b) recerving observation data obtained by exposing the
structure one or more times with 1nspection radiation and
observing said mspection radiation after interaction with
the structure; and

(c) based on the observation data, determining a value for
the parameter of interest as a property of the structure,

wherein the determination of the parameter of interest 1s

performed taking into account changes in the structure
caused by the mspection radiation during an exposure
period.

2. A method according to clause 1 wherein the variable
parameters include one or more time-related parameters
representing said changes in the structure caused by the
ispection radiation during said exposure period.

3. Amethod according to clause 2 wherein step (¢) further
includes determining a value for one or more of said
time-related parameters.

4. A method according to clause 2 or 3 wherein at least
one of said time-related parameters represents a dimensional
change caused by the mnspection radiation 1n a part of the
structure.
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5. A method according to clause 2, 3 or 4 wherein at least
one of said time-related parameters represents a change of
an optical property caused by the mnspection radiation in a
part of the structure.

6. A method according to any preceding clause wherein
the step (c¢) takes account of intensity of the inspection
radiation in combination with duration of said exposure
period.

7. A method according to any preceding clause wherein
the observation data represents interaction of the mspection
radiation with the structure accumulated over said exposure
period.

8. A method according to any preceding clause wherein
the observation data represents interaction of the mspection
radiation with the structure separately for a plurality of
sub-periods of an exposure period.

9. A method according to any preceding clause wherein
the determination of the parameter of 1nterest 1s performed
taking into account changes in the structure caused by the
ispection radiation during an exposure period related to a
previous observation of the same structure.

10. A method according to any preceding clause wherein
the structure 1s made by lithography alongside or as part of
a semiconductor device.

11. A method according to any preceding clause wherein
in step (c) the parameter of interest 1s determined at least
partly using machine learning, based on real and/or simu-
lated observation data obtained from different structures.

12. A method according to any preceding clause wherein
step (¢) includes:

(c1) simulating interaction of mspection radiation with the
structure with a given set of values for said variable
parameters; and

(c2) comparing the interaction simulated 1n step (cl) with
the observation data;

(c3) varying one or more parameters of the structure based
on the result of the comparison;

(c4) repeating step (cl) using the varied parameters; and

(c5) after a number of iterations of steps (cl) to (c4),
reporting a value for the parameter of interest.

13. A method according to any preceding clause wherein
the mspection radiation has a wavelength shorter than 400
nm.

14. A method according to any preceding clause wherein
the mspection radiation has a wavelength shorter than 100
nm.

15. A processing apparatus for determining a property of
a structure, the processing apparatus comprising:

storage for one or more variable parameters to represent

the structure, the variable parameters including at least
one parameter of interest;

storage for recerving observation data obtained by expos-

ing the structure one or more times with inspection
radiation and observing said inspection radiation after
interaction with the structure; and

a processor arranged to use the observation data to

determine a value for the parameter of interest as a
property of the structure, taking into account changes 1n
the structure caused by the mspection radiation during
an exposure period.

16. A processing apparatus according to clause 13
wherein the processing apparatus 1s arranged to receive and
use observation data representing interaction of the 1spec-
tion radiation with the structure separately for a plurality of
sub-periods of an exposure period.

17. A processing apparatus according to clause 15 or 16
wherein the processor 1s arranged to take into account
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changes 1n the structure caused by the mspection radiation
during an exposure period related to a previous observation

of the same structure.

18. A metrology apparatus for use in determining a
property of a structure, the metrology apparatus comprising;:

an 1llumination system for generating a beam of inspec-
tion radiation;

a substrate support operable with the 1llumination system
for 1irradiating a structure formed on the substrate with
said ispection radiation;

a detection system for detecting the mnspection radiation
after interaction with the structure; and

a processing apparatus according to clause arranged to
determine a property of the structure based on the
detected radiation and taking into account changes 1n
the structure caused by the mspection radiation during
an exposure period.

19. A device manufacturing method comprising:

transferring a pattern from a patterning device onto a
substrate using a lithographic process, the pattern
defining at least one structure;

measuring one or more properties of the structure to
determine a value for one or more parameters of the
lithographic process; and

applying a correction in subsequent operations of the
lithographic process 1n accordance with the measured
property,

wherein the step ol measuring the property of the struc-
ture 1ncludes determining a property by a method
according to any of clauses 1 to 14.

20. A Iithographic system comprising a lithographic appa-
ratus 1n combination with a metrology apparatus according
to clause 18.

21. A computer program product comprising machine
readable instructions for causing a processor to perform a
method according to any of clauses 1 to 14.

22. A computer program product comprising machine
readable instructions for causing a processor to perform as

the processing apparatus according to any of clauses 15 to
17.

CONCLUSIONS

In conclusion, the present disclosure provides metrology
methods and apparatuses 1n which changes caused by the
ispection radiation can be taken 1nto account and corrected.
The changes can be taken 1nto account as an integral part of
the calculations, as described above. Alternatively, the
changes can be taken into account afterwards and applied as
a correction to a result obtained by a more conventional
calculation.

An embodiment of the invention may be implemented
using a computer program containing one or more sequences
of machine-readable 1nstructions describing methods of con-
trolling the lithographic apparatus. This computer program
may be executed for example within the control unit LACU
206 of FIG. 1, the additional metrology apparatus 240 and
244, the supervisory control system 238 or some other
controller. There may also be provided a data storage
medium (e.g., semiconductor memory, magnetic or optical
disk) having such a computer program stored therein. The
storage may be of non-transitory type. A programmable
processor programmed in this way may be provided as a
separate apparatus, remote from the lithographic manufac-
turing system and the metrology apparatus. The processor
only requires in that case to receirve the observation data
from the metrology apparatus.
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The terms “radiation” and “beam™ used herein encompass
all types of electromagnetic radiation, including ultraviolet
(UV) radiation (e.g., having a wavelength of or about 363,
355, 248, 193, 157 or 126 nm) and extreme ultra-violet
(EUV) radiation (e.g., having a wavelength in the range of
0.1 to 125 nm), as well as x-radiation (0.01 to 1 nm) and
particle beams, such as 1on beams or electron beams.

The terms “radiation” and “beam™ used herein further
encompass other forms of radiation including acoustic
(sound) radiation. Phenomena of scattering and difiraction
arise¢ also 1n sound, and similar calculations can be per-
formed for reconstruction of unknown structures by acoustic
scattering.

The term “lens”, where the context allows, may refer to
any one or combination of various types of optical compo-
nents, including refractive, retlective, diflractive, magnetic,
clectromagnetic and electrostatic optical components.

The breadth and scope of the present invention should not
be limited by any of the above-described exemplary embodi-

ments, but should be defined only in accordance with the
following claims and their equivalents.

The 1nvention claimed 1s:

1. A method comprising:

defining one or more variable parameters to represent a

structure, the variable parameters including at least one
parameter of interest;

receiving observation data obtained by exposing the struc-

ture one or more times with mspection radiation and
observing the mspection radiation after interaction with
the structure; and
based on the observation data, determining a value for the
parameter ol interest as a property of the structure,

wherein the determination of the parameter of interest 1s
performed taking into account changes 1n the structure
caused by the mspection radiation during an exposure
period.

2. The method of claim 1, wherein the variable parameters
include one or more time-related parameters representing
the changes 1n the structure caused by the ispection radia-
tion during the exposure period.

3. The method of claim 2, wherein the determining further
includes determining a value for one or more of the time-
related parameters.

4. The method of claim 2, wherein at least one of the
time-related parameters represents a dimensional change
caused by the mspection radiation 1n a part of the structure.

5. The method of claim 2, wherein at least one of the
time-related parameters represents a change of an optical
property caused by the inspection radiation 1n a part of the
structure.

6. The method of claim 1, wherein the determining takes
account of intensity of the ispection radiation 1n combina-
tion with duration of the exposure period.

7. The method of claim 1, wherein the observation data
represents interaction of the inspection radiation with the
structure accumulated over the exposure period.

8. The method of claim 1, wherein the observation data
represents interaction of the inspection radiation with the
structure separately for a plurality of sub-periods of an
exposure period.

9. The method of claim 1, wherein the determination of
the parameter of interest 1s performed taking into account
changes 1n the structure caused by the mspection radiation
during an exposure period related to a previous observation
of the same structure.
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10. The method of claim 1, further comprising using a
lithography device to form the structure alongside or as part
ol a semiconductor device.

11. The method of claim 1, wherein the parameter of
interest 1s determined at least partly using machine learning,
based on real and/or simulated observation data obtained
from different structures.

12. A method of claim 1, wherein the determining com-
Prises:

simulating 1nteraction ol inspection radiation with the

structure with a given set of values for the vanable
parameters; and

comparing the interaction simulated by the simulating

with the observation data;

varying one or more parameters of the structure based on

the result of the comparison;

repeating the simulating using the varied parameters; and

alter a number of iterations of the simulating, comparing,

varying, and repeating, reporting a value for the param-
cter of interest.

13. A processing apparatus comprising:

storage configured to store one or more variable param-

eters to represent a structure, the variable parameters
including at least one parameter of interest;

storage configured to receive observation data obtained by

exposing the structure one or more times with mspec-
tion radiation and observing the inspection radiation
after interaction with the structure; and

a processor configured to use the observation data to

determine a value for the parameter of interest as a
property of the structure, taking into account changes in
the structure caused by the mspection radiation during
an exposure period.

14. The processing apparatus of claam 13, wherein the
processing apparatus 1s configured to receive and use obser-
vation data representing interaction of the mspection radia-
tion with the structure separately for a plurality of sub-
periods of an exposure period.

15. The processing apparatus of claim 13, wherein the
processor 1s configured to take into account changes in the
structure caused by the inspection radiation during an expo-
sure period related to a previous observation of the same
structure.

16. A metrology apparatus comprising:

an 1llumination system for generating a beam of inspec-
tion radiation;
a substrate support operable with the illumination system
for irradiating a structure formed on the substrate with
the mspection radiation;
a detection system for detecting the mspection radiation
after interaction with the structure; and
a processing apparatus comprising:
storage configured to store one or more variable param-
eters to represent a structure, the variable parameters
including at least one parameter of interest;

storage configured to receive observation data obtained
by exposing the structure one or more times with
inspection radiation and observing the inspection
radiation after interaction with the structure; and

a processor configured to use the observation data to
determine a value for the parameter of interest as a
property of the structure, taking into account changes
in the structure caused by the inspection radiation
during an exposure period,

wherein the processing apparatus 1s configured to deter-
mine a property of the structure based on the detected
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radiation and taking into account changes 1n the struc-
ture caused by the inspection radiation during an expo-
sure period.
17. A device manufacturing method comprising:
transferring a pattern from a patterning device onto a
substrate using a lithographic process, the pattern
defining at least one structure;
measuring one or more properties of the structure to
determine a value for one or more parameters of the
lithographic process; and
applying a correction 1n subsequent operations of the
lithographic process 1n accordance with the measured
property,
wherein the measuring the property of the structure
includes determining a property by a method compris-
ng:
defining one or more variable parameters to represent a
structure, the variable parameters including at least
one parameter ol 1nterest;
receiving observation data obtained by exposing the
structure one or more times with 1inspection radiation
and observing the inspection radiation after interac-
tion with the structure; and
based on the observation data, determining a value for
the parameter of interest as a property of the struc-
fure,
wherein the determination of the parameter of interest
1s performed taking into account changes in the
structure caused by the inspection radiation during
an exposure period.
18. A lithographic system comprising:
an 1lluminator configured to produce a beam of radiation;
a pattering device configured to impart a pattern on the
beam of radiation;
a projection system configured to project the patterned
beam onto a substrate; and
a metrology apparatus comprising:
an 1llumination system for generating a beam of inspec-
tion radiation;
a substrate support operable with the 1llumination sys-
tem for irradiating a structure formed on the sub-
strate with the mspection radiation;
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a detection system for detecting the inspection radiation
after interaction with the structure; and

a processing apparatus comprising:

storage configured to store one or more variable
parameters to represent a structure, the variable
parameters including at least one parameter of
interest;

storage configured to recerve observation data
obtained by exposing the structure one or more
times with ispection radiation and observing the
inspection radiation after interaction with the
structure; and

a processor configured to use the observation data to
determine a value for the parameter of interest as
a property of the structure, taking into account
changes 1n the structure caused by the inspection
radiation during an exposure period,

wherein the processing apparatus 1s configured to deter-
mine a property of the structure based on the
detected radiation and taking into account changes 1n
the structure caused by the mspection radiation dur-
Ing an exposure period.

19. A non-transitory computer program product compris-

ing machine readable 1nstructions for causing a processor to
perform an operation comprising:

defining one or more variable parameters to represent a
structure, the variable parameters including at least one
parameter of interest;

recerving observation data obtained by exposing the struc-
ture one or more times with mspection radiation and
observing the mspection radiation after interaction with
the structure; and

based on the observation data, determining a value for the
parameter ol 1nterest as a property of the structure,

wherein the determination of the parameter of interest 1s
performed taking into account changes in the structure
caused by the inspection radiation during an exposure
period.
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